Thermal power plants are increasingly required to balance power grids by compensating for the intermittent electricity supply from renewable energy resources. As CO 2 capture and storage is integrated with both coal-and gas-fired power plants, it is vital that the emission mitigation technology does not compromise their ability to provide this high-value service. Therefore, developing optimal process operation strategies is vital to maximise both the value provided by and the profitability of these important assets. In this work, we present models of coal-and gas-fired power plants, integrated with a post-combustion CO 2 capture process using a 30 wt% monoethanolamine (MEA) solvent. With the aim to decoupling the power and capture plants in order to facilitate profit maximising behaviour, a multi-period dynamic optimisation problem was formulated and solved using these models. Four distinct scenarios were evaluated: load following, solvent storage, exhaust gas by-pass and variable solvent regeneration (VSR). It was found that for both coal-and gas-fired power plants, the VSR strategy is consistently the most profitable option. The performance of the exhaust by-pass scenario is a strong function of the carbon prices and is only selected at very low carbon prices. The viability of the solvent storage strategy was found to be a strong function of the capital cost associated with the solvent storage infrastructure. When the cost of the solvent tanks has been paid off, then the solvent storage scenario is 3.3% and 8% more profitable than the baseline for the pulverised coal and gas-fired power plants, respectively. Sensitivity analyses showed that, for all strategies, the flexibility benefit declined with reduced carbon and fuel prices, while a "peakier" electricity market, characteristic of one with significant quantities of intermittent renewables deployment, more significantly rewarded flexible operation.
Introduction
Carbon capture and storage (CCS) has been proposed as a means to enable a least-cost transition to a low carbon energy system and is also important for industrial sectors (Mac Dowell et al., 2010; Boot-Handford et al., 2014) . Given the increasing penetration of intermittent renewable electricity generation and the inflexible nature of traditional nuclear power generation 1 , decarbonised power plants need to be designed for flexible operation in order to be able to promptly respond to variation in electricity demand (Bui et al., 2014; Davison, 2011; Oates et al., 2014) and to exploit the associated variation of electricity prices, while maintaining the carbon intensity of the plant at low levels (Haines and Davison, 2009; Cohen et al., 2011; Dowell and Shah, 2015; Lucquiaud et al., 2007) . Flexible capture can be achieved in a range of ways. At the level of an individual power plant, flexible operation can be achieved using measures such as adding a solvent storage tank, bypassing the capture facility for certain time periods or operating the capture facility at different capture rates according to electricity output requirements.
To the best of our knowledge, the concept of flexible operation, was first introduced by Gibbins and Crane (2004) in 2004, noting that this study makes reference to private communication with Prof Rochelle 2 on this subject in 2002. In the 2004 study, the concepts of solvent storage and exhaust gas venting (or capture bypass) were first introduced. It this study, it was concluded that solvent storage had the potential to reduce electricity costs by 6-7% and that exhaust gas venting was a viable strategy in the event that electricity prices ($/MWh) were 2-3 times greater than carbon costs ($/t CO 2 ). Here, in the case of solvent storage, an approximation of the additional capital cost associated with the infrastructure required for solvent storage was provided, but a detailed design of that equipment was not performed. Following this study, several contributions focused on flexible operation of the capture process as a way to improve the economics of CCS power plants either by reducing the capture level through exhaust gas venting, by storing the solvent using rich and lean amine storage tanks or by varying the degree of solvent regeneration (Oates et al., 2014; Haines and Davison, 2009; Cohen et al., 2011 Cohen et al., , 2011 Cohen et al., , 2012 Dowell and Shah, 2015; Rao and Rubin, 2006; Scoping, 2009; Lucquiaud et al., 2009; Ziaii et al., 2009; Chalmers et al., 2009 Chalmers et al., , 2009 Chalmers et al., , 2011 Qixin et al., 2010; Wiley et al., 2011; Husebye et al., 2011; IEA, 2012; Delarue et al., 2012; Versteeg et al., 2013; Domenichini et al., 2013; van der Wijk et al., 2014; Zaman and Lee, 2015; Arce et al., 2012; Mac Dowell and Shah, 2014) .
With the exhaust gas venting option, the power plant operates with partial or no capture of the CO 2 . Under this strategy, the energy required for solvent regeneration is anticipated to be reduced or eliminated by venting a portion of the exhaust gas directly to atmosphere. Thus, the steam that would have been used for solvent regeneration is instead not extracted, resulting in increased net power output. From a practical perspective however, it may not be the case that all of the steam could be redirected to the LP turbine. It is important to note that the duration of the periods for which exhaust gas would be vented in response to a peak in electricity prices would likely be relatively short -on the order of 2-5 h Dowell and Staffell (2016) . During this time, there are likely two options for operating the capture plant: 1. Continue to circulate the solvent through the plant as normal and 2. stop the solvent circulation and allow the plant's solvent inventory to accumulate in the sumps and pipework. Option 1. has the advantage that it is ready to begin scrubbing CO 2 from the exhaust gas as the plant is essentially "idling". However, as the solvent is circulated, it will likely cool relatively rapidly as it moves from the well-insulated desorption process to the absorption process which may be open to the atmosphere. This would likely lead to a rapid cooling of the solvent towards ambient temperature in addition to the potentially significant losses of volatile organic compounds (VOCs) to the atmosphere. This may mean that there will be a non-negligible delay in returning the capture plant to its normal set-point of capturing 90% of the CO 2 -thus potentially incurring a substantial cost associated with emitting CO 2 during periods of relatively low electricity prices. This may well undo much of the profitability benefit associated from venting the exhaust gas in the first place. Further to this point is the potential for increased emission of VOCs, which could potentially compromise a facility's license to operate. Option 2. has the advantage that it avoids much of the solvent cooling effect and also the VOC emission. However, there will be a delay associated with bringing the solvent circulation back to a steady state of operation such that the capture plant is again ready to capture CO 2 . Thus, this may also result in the imposition of increased costs associated with emitting CO 2 during periods of reduced electricity prices. To the best of our knowledge, neither of these points have been addressed in the literature to date, and represent clear and important avenues for future research. In the solvent storage mode, the CO 2 capture level is kept constant and solvent storage tanks (rich and lean) are used to shift the regeneration load to times when the electricity price (and thus the economic opportunity cost associated with solvent regeneration) is low. Following the work of Gibbins and Crane, Rao and Rubin (2006), identified the most cost-effective level of CO 2 capture using the exhaust gas venting option. They concluded that the optimal CO 2 capture level is dependent on plant size and, if exhaust gas venting is considered, the cost-effectiveness of CO 2 capture can be improved. The importance of electricity and CO 2 price variations in determining the cost-optimal level of CO 2 capture has since been shown by several authors (Haines and Davison, 2009; Cohen et al., 2011; Ziaii et al., 2009; Chalmers et al., 2009 Chalmers et al., , 2011 Versteeg et al., 2013; Patino-Echeverri and Hoppock, 2012; Mac Dowell and Shah, 2013) . In their work, Haines and Davison (2009) , reviewed the ability of the main capture technologies (pre-, post-and oxy-combustion) to modify their operation and design to provide some economic peak power capability. To our knowledge, this contribution is unique in that it evaluates the potential of these three types of CCS to operate flexibly. A key conclusion of their analysis was that postcombustion systems offered the greatest possibility of operating flexibly. This makes intuitive sense, as given that between pre-, post-and oxy-combustion capture, the nominal electricity output penalty of post-combustion CO 2 capture is typically considered to be the greatest (Mac Dowell et al., 2010; Boot-Handford et al., 2014) , it therefore stands to make the largest relative gain by reducing this penalty at opportune times.
An important caveat is that the majority, if not all, of these studies were performed using aqueous solutions of 30 wt% monoethanolamine (MEA) as a solvent. This solvent typically requires 3.5-4.2 GJ/t CO 2 captured (Boot-Handford et al., 2014) , and as such imposes a large electricity output penalty on the power plant. However, the current industrial state-of-the-art solvents include Shell's Cansolv, Fluor's Econamine or MHI's KS-1 solvents which typically use higher concentrations of active ingredient (typically between 40 and 50%) and have an energy of regeneration of 2.33 GJ/t CO 2 (Dixon et al., 2014 (Dixon et al., , 2014 2.8-3.0 GJ/t CO 2 and 2.5-2.8 GJ/t CO 2 respectively. Importantly, all of these solvents require a similar quality (temperature) of steam for solvent regeneration, therefore a lower energy of regeneration leads to a reduced electricity output penalty. Moreover, solvents offering further improvement are on the horizon, such as those reported by Ye et al. (2015) wherein materials requiring 2.0 GJ/t CO 2 at temperatures of 80-100 • C are reported. We can readily evaluate the impact that these advanced solvents have on process performance using the IECM tool IECM (2016). IECM indicates that the higher heating value (HHV) efficiency of an ultra supercritical (USC) power plant is 42.83%. Its worth noting at this point that IECM is a relatively conservative tool, and current USC plants in service today exhibit HHV efficiencies of 44% and above. So-called advanced ultra supercritical (AUSC) plants have the potential to operate with steam temperatures of above 700 • C and with HHV efficiencies in the region of 47-48% (IEA Coal Industry Advisory Board, 2017). Then, applying amine-based CO 2 capture to the IECM USC power plant reduces the HHV efficiency to 29.03%. Using Fluor's FG+ solvent (as described above) results in an HHV efficiency of 33.25%, MHI's KS-1 solvent gives an HHV efficiency of 33.73% and finally Shell's Cansolv solvent gives an efficiency of 34.33%. Similar calculations using an oxy-combustion option gives an HHV efficiency of 36.58% -still greater than the post-combustion options, but the gap is reduced. At this point, it is worth noting that the average annual HHV efficiency of the existing US coal-fueled electricity generating fleet is approximately 32%, and this can be substantially lower in some parts of the world IEA Coal Industry Advisory Board (2017). In other words, through the deployment of state-of-the-art power and capture plant technology, it is conceivable that decarbonised coal-fired power generation could be more efficient than it is today.
Confirming the results presented by Rao and Rubin (2006) , stopping the solvent regeneration during peak hours increases electricity generation by 20%. However, owing to the range of CO 2 and electricity prices assumed in their analysis, the additional
